A B S T R A C T In most instances, marked deficiency of the purine catabolic enzyme adenosine deaminase results in lymphopenia and severe combined immunodeficiency disease. Over a 2-yr period, we studied a white male child with markedly deficient erythrocyte and lymphocyte adenosine deaminase activity and normal immune function. We have documented that (a) adenosine deaminase activity and immunoreactive protein are undetectable in erythrocytes, 0.9% of normal in lymphocytes, 4% in cultured lymphoblasts, and 14% in skin fibroblasts; (b) plasma adenosine and deoxyadenosine levels are undetectable and deoxy ATP levels are only slightly elevated in lymphocytes and in erythrocytes; (c) no defect in deoxyadenosine metabolism is present in the proband's cultured lymphoblasts; (d) lymphoblast adenosine deaminase has normal enzyme kinetics, absolute specific activity, S20,w, pH optimum, and heat stability; and (e) the proband's adenosine deaminase exhibits a normal apparent subunit molecular weight but an abnormal isoelectric pH. In contrast to the three other adenosine deaminase-deficient healthy subjects who have been described, the proband is unique in demonstrating an acidic, heat-stable protein mutation of the enzyme that is associated with <1% lymphocyte adenosine deaminase activity. Residual adenosine deaminase activity in tissues other than lymphocytes may suffice to metabolize the otherwise lymphotoxic enzyme substrate(s) and account for the preservation of normal immune function.
INTRODUCTION
Adenosine deaminase (EC 3.5.4.4, ADA),' an enzyme in the purine catabolic pathway, catalyzes the conversion of deoxyadenosine to deoxyinosine and adenosine to inosine. A marked genetic deficiency of ADA has been causally associated with an autosomal recessive form of severe combined immunodeficiency disease (SCID) (1) . A review of the clinical features of 34 ADA-deficient patients in 26 families has substantiated the severe T cell depletion and variable humoral immunosuppression associated with this disorder (2) (3) (4) (5) . In the absence of ADA activity, deoxyadenosine is converted to deoxy ATP, as first demonstrated in the erythrocytes of affected patients (6) (7) (8) . The selective accumulation of deoxy ATP in cultured T cells is associated with inhibition of DNA synthesis and cell death. B cells and other tissues having high deoxynucleotide-degrading enzyme activity (9-11) may be protected from deoxy ATP accumulation and may thus be spared in this disorder.
Substantial genetic heterogeneity of ADA has been described. Whereas ADA activity is totally absent in erythrocytes and lymphocytes from SCID patients, adenosine deaminating activity of 1 to 30% of normal has been reported in selected tissues of some of these individuals (12) . In particular, fibroblast cell lines from nine different ADA-deficient patients showed enzyme activity ranging from 0.2 to 3.8% of normal, whereas the level of ADA immunoreactive protein varied by 0.8 to 22% of normal, strongly suggesting variable genetic expressions of this enzyme (13) .
Recently three ADA-deficient subjects have been described with no detectable ADA in erythrocytes, but with residual ADA activity ranging from 15 to 24% of normal in their immunologically normal lymphocytes (14) (15) (16) (17) . In two of these cases, the enzyme was demonstrated to be more heat labile than normal, suggesting a reason for its absence in senescent erythrocytes (16) . The residual lymphocyte ADA activity in these cases was reported to be sufficient to protect these individuals from toxic accumulation of deoxy ATP and subsequent immune dysfunction. In this study we describe a unique ADA-deficient healthy subject with a new acidic protein mutation of ADA associated with <1% lymphocyte ADA activity but with normal immune function.
METHODS

Radioisotopes and chemicals
'25I-Protein A (89 ,uCi/,ug) was obtained from New England Nuclear (Boston, MA). [8- Normal child skin fibroblast cell lines (GM 969, GM 38, and GM 498) have been previously characterized (13) . The skin fibroblast cell line derived from the proband E.M. (GM 4395) was obtained from the Human Genetic Mutant Cell Repository. All fibroblast cell strains were cultured in minimum essential medium supplemented with 10% ADA-deficient fetal calf serum as previously described (13) .
Enzyme analyses
Lymphoblasts and fibroblasts were harvested during late log-phase growth and all cell samples were prepared for enzyme analyses as previously described (13, 18) .
ADA enzyme activity was assayed by a previously described radiochemical technique (18 Lowry et al. (19) , with bovine serum albumin as standard.
The concentration and relative affinity of immunoreactive ADA was quantitated by radioimmunoassay as previously described (13, 20) . Procedures for the determination of the Michaelis constant (Km) for adenosine and 2'-deoxyadenosine, enzyme inhibition with 2'-deoxycoformycin and EHNA, pH optimum, S20.,. and heat stability of ADA have been described (18) .
Gel electrophoresis
Starch gel electrophoresis and staining for ADA activity were performed as described by Spencer et al. (21) with 0.1 M Tris/maleate, pH 7.4, used as the gel and running buffer.
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed in 10 X 12-mm slab gels by the method of Laemmli (22) . Gels were then subjected to protein blot analysis as described in the following section.
Urea isoelectric focusing was performed in 7.8% poly-acrylamide slab gels containing 8.5 M urea and 5% ampholites (LKB Instruments, pH 3.5-10.0). This procedure has been previously described for ADA (23) .
Protein blot analysis
After SDS or isoelectric focusing, proteins were electrophoretically transferred to nitrocellulose sheets according to Towbin et al. (24) . The immunological identification of ADA on the nitrocellulose paper (the blot) was carried out as previously described (23) . The blot was incubated with 20 ml of buffer A (10 mM Tris/HCl, pH 7.4, containing 154 mM NaCl, 3% bovine serum albumin, and 0.02% sodium azide) at room temperature overnight. The protein blot was then incubated for 4 h with anti-human erythrocyte ADA serum (50 MI in 20 ml buffer A) followed by four washes with buffer B (10 mM Tris/HCl and 154 mM NaCl). The blot was then incubated with 20 ml of buffer A containing '251-labeled protein A (20,000 cpm/ml) for 4 h, followed by extensive washing with buffer B. The blot was then air dried and the labeled immunocomplex was visualized by autoradiography after exposure of X-Omat-R x-ray film to the blot at -70°C for 24 to 72 h.
Adenosine, deoxyadenosine, and deoxy A TP determinations Plasma, obtained from heparinized whole blood, and urine were assayed for adenosine and 2'-deoxyadenosine by highpressure liquid chromatography according to the method of Koller et al. (25) .
Ribonucleotides and deoxyribonucleotides were extracted from cell pellets containing 1 X 106 lymphocytes, using 1 ml of cold 60% aqueous methanol at -20°C for 12 h. The methanol extract was then evaporated and the residue resuspended in distilled water for assay (26) . Nucleotides were extracted from erythrocytes by boiling and were quantitated by high-pressure liquid chromatography on a Partisil -10 SAX anion exchange column (Whatman, Inc., Clifton, NJ). Deoxy-and ribonucleotides were separated by isocratic elution with 0.45 M ammonium phosphate at pH 4.2 and detected at 254 nM, as previously described (27) . Deoxy ATP levels in extracted lymphocytes were quantitated by the DNA polymerase assay with [3H]deoxy TTP and calf thymus DNA, as previously reported (26) .
Deoxyadenosine metabolism in B lymphoblasts
Deoxyadenosine phosphorylation. B lymphoblast lysates were dialyzed overnight against 5 mM Hepes, 0.15 M NaCl, 1 mM EDTA, pH 7.4 and diluted for assay in this buffer containing 50 MM 2'-deoxycoformycin and 2 mg/ml bovine serum albumin. The extract was assayed for deoxyadenosine phosphorylating capability in the presence of 50 mM Tris/ HCI, pH 7.4, 1.5 mM MgCl2, 50 mM KCI, 50 MM 2'-deoxycoformycin, 1 Deoxy ATP accumulation in intact cells. B lymphoblasts were incubated at a concentration of 1 X 106 cells/ml in RPMI 1640 medium containing 10% heat-inactivated horse serum and 50 MM 2'-deoxycoformycin alone and with 50 MM 2'-deoxyadenosine for 4 h. Cells were extracted as previously described and deoxy ATP levels quantitated by the DNA polymerase assay (26) .
2'-Deoxyadenosine toxicity. B lymphoblasts were cultured at an initial concentration at 2 X 105 cells/ml in RPMI 1640 medium and 10% horse serum in the presence of 50 MM 2'-deoxycoformycin and 2'-deoxyadenosine concentrations ranging from 0 to 200 MM. The ID5o, defined as the dose of 2'-deoxyadenosine that inhibited growth by 50% of the control, was determined for each cell line at 72 h.
RESULTS
ADA enzyme activity. The proband E.M. is a 2-yrold white male with apparently normal cellular and humoral immunity. The levels of ADA enzyme activity and immunoreactive protein in erythrocytes, lymphocytes, B lymphoblastoid cell lines, and skin fibroblast cell strains from normal subjects and the proband, as well as ADA levels in erythrocytes of the proband's family, are given in Table I . ADA enzyme activity is undetectable in the proband's erythrocytes, whereas both parents and one sibling are heterozygous for the ADA deficiency. These data are consistent with an autosomal recessive mode of inheritance, as has been established for patients with ADA deficiency and SCID (1-3). The level of ADA in the proband's peripheral lymphocytes is only 0.9% of control values; however, enzyme activity is detectable at 4% of control in an Epstein-Barr virus transformed B lymphoblastoid cell line (GM 4396) and 14% of control in a cultured skin fibroblast cell strain derived from the proband (GM 4395). Kinetic analysis of GM 4396 and GM 4395 proband cell extracts demonstrates that the ADA activity in both cases exhibits a normal Km for adenosine and deoxyadenosine (48-52 ,M) and is completely inhibited by 2'-deoxycoformycin. When the lymphoblast cell extract, GM 4396, is assayed at a high adenosine substrate concentration (4.0 mM final) with and without 200 uM of the ADA inhibitor, EHNA, >90% of the total adenosine deaminating activity is inhibited by EHNA. Under similar assay conditions, the ADA activity in the GM 4395 fibroblast cell extract is completely inhibited by EHNA. By radioimmunoassay, the level of proband ADA immunoreactive protein (termed CRM) appears to be proportional to enzyme activity and the CRM has a normal affinity for the ADA antibody. As a result, the enzyme has a calculated normal 13. absolute specific enzyme activity in the different cell samples studied. The only exception is that found in the proband's lymphocytes, which show a twofold decrease in absolute specific enzyme activity (Table I) Starch gel electrophoresis of ADA. ADA in erythrocytes and lymphoblasts exists as a single polypeptide with primary electrophoretic forms determined by two autosomal allelic genes ADA' and ADA2, which are reflected in the homozygous (1-1 and 2-2) and the heterozygous (1-2) forms of ADA (29) . The characteristic secondary isozyme pattern presented by each of these three ADA types arises from posttranslational modification of the primary gene product and may be due in part to sulfhydryl group modification on the enzyme (30) (31) (32) .
Normal and GM 4396 lymphoblast cell extracts and normal hemolysate extracts were electrophoresed in a starch gel with Tris/maleate buffer and stained for ADA enzymatic activity as described in Methods. Fig.  1 shows a representative experiment. When samples are treated with iodoacetamide to alkylate ADA sulfhydryl groups before gel electrophoresis, normal hemolysate (RBC, 1-2, lane 1) exhibits the two primary ADA 1 and ADA 2 isozymes, whereas normal lymphoblast extract (MGL-8, 1-1, lane 3) shows only the ADA 1 isozyme without any evidence of secondary isozyme processing. Under this condition, the ADA in the lymphoblast extract from the proband (GM 4396, lane 2), clearly migrates faster than both the 1-1 and 1-2 phenotypes, suggesting that it is more acidic. To test whether the proband acidic ADA isozyme represented a normal ADA secondary isozyme or was a unique acidic variant, the sample was electrophoresed in buffer containing the alkylating ion, maleate, which should shift all normal primary and secondary ADA isozymes to the anode (29) . As shown in Fig. 1 (Fig. 3 A, lanes GM 4396) corresponding in position to the two most acidic erythrocyte ADA isozymes. Fig. 3 B, lane GM 4396 shows the proband ADA analyzed from a sample of GM 4396 lymphoblasts harvested during early log phase of growth. There is an apparent absence of the most acidic isozyme suggesting a diminution in the posttranslational modification of the parent (more basic) proband isozyme. A lymphoblast extract of the ADAdeficient cell line GM 2606 was partially purified and used as a negative control (lane GM 2606). Deoxyadenosine metabolism. Adenosine and 2'-deoxyadenosine levels were measured in the proband's plasma and urine over a 2-yr period. As shown in Table  II , levels of adenosine and deoxyadenosine are undetectable in the plasma at values less than 0.5 ,M and 0.1 MM, respectively. In contrast, both nucleosides are present at low concentrations in spot urine samples, but were not detected in control samples. Deoxy ATP levels are elevated in erythrocytes (18.2±1.5 nmol/ ml), but to values far less than those reported in ADAdeficient, immunodeficient children (105-1,400 nmol/ ml) (5). Lymphocyte deoxy ATP levels are mildly elevated in two of three determinations.
To investigate the possibility that the proband's lymphocytes were resistant to 2'-deoxyadenosine toxicity, we compared deoxyadenosine metabolism in EpsteinBarr virus transformed B cell lines from E.M. with that in lines from two normal individuals. Table III demonstrates that the phosphorylation of 2'-deoxyadenosine by cytoplasmic extracts and in intact cells and the ID50 for deoxyadenosine do not differ from those in normal B cell lines in which ADA is inhibited by 2'-deoxycoformycin. DISCUSSION A marked deficiency of the purine catabolic enzyme ADA has been causally associated with an autosomal recessive form of SCID in well over 30 patients to date (2) (3) (4) (5) . In all of these patients, ADA enzyme activity is undetectable in erythrocytes, but low amounts of putative ADA activity have been reported in other tissues (12) . However, the nature of this adenosine deaminating activity has not been carefully evaluated in all cases. Number of determinations on separate samples processed simultaneously with the proband's samples. I Urinary adenosine levels in freshly extracted urines from normal individuals are 2.9+1.6 MAM (means+SD; n = 10). No adenosine was detected in control urines processed with the proband samples. § Dates samples were obtained.
The lack of sufficient ADA activity in these patients has been shown to lead to an increase in deoxyadenosine and the selective accumulation of deoxy ATP in lymphocytes of affected children (8) . The accumulation of deoxy ATP in cultured T cells in which ADA activity has been pharmacologically inhibited results in inhibition of DNA synthesis and cell death, although the precise mechanism of cytotoxicity has not been determined (3) . Tissues and cells that do not phosphorylate low concentrations of deoxyadenosine and/ or that have high deoxynucleotidase activity do not accumulate high levels of deoxy ATP and are apparently spared in this disorder (9) (10) (11) .
As an exception to the classical patient with ADA deficiency and SCID, three healthy subjects with severe erythrocyte ADA deficiency have been described (14) (15) (16) (17) . These subjects have in common ADA activity ranging from 15 to 24% of normal in their quantitatively and functionally normal peripheral blood lymphocytes. In two of these cases, both of African descent, the residual enzyme activity has a normal apparent molecular weight, electrophoretic migration, and Km for substrates adenosine and deoxyadenosine; however, in both subjects, the enzyme is found to be more heat labile than normal. The residual lymphocyte ADA activity in these cases is apparently sufficient to prevent the toxic accumulation of deoxy ATP and to preserve normal immune function. Over a 2-yr period, we have studied a white male child with severe erythrocyte ADA deficiency discovered during the New York State mandatory neonatal screening program. This ADA-deficient healthy subject has normal cellular and humoral immunity but, in contrast to the other ADA-deficient healthy subjects, has <1% of normal lymphocyte ADA activity. ADA enzymatic activity and protein measured by radioimmunoassay were found to be undetectable in the proband's erythrocytes. However, his lymphocytes contained residual enzyme activity equivalent to 0.9% of control values with an immunoreactive ADA protein present at 1.6% of normal CRM. From these data, we conclude that the lymphocyte enzyme has one-half of normal calculated absolute specific activity, which, in conjunction with its normal enzyme kinetics, suggests the presence of catalytically inactive enzyme.
The nature of the proband ADA was further characterized from an actively growing cultured B lymphoblastoid cell line and a skin fibroblast cell line derived from the subject. Data obtained from the proband lymphoblastoid cell line, GM 4396, indicated that the level of ADA activity and immunoreactive protein were equivalent at 4% of normal (2.1 nmol/min per mg). We and others have previously shown that lymphoblasts also contain a low level of a distinct aminohydrolase, which is distinguishable from ADA on the basis of its high Km for adenosine, insensitivity to the ADA inhibitor EHNA, and lack of cross-reactivity with ADA antibody (18) . In the present study, >90% of the ADA activity in the proband lymphoblast extract was inhibitable with EHNA and the ratio of enzyme activity to CRM gave a calculated normal absolute specific activity, suggesting that nonspecific aminohydrolase activity was not interfering with our enzyme analyses.
The values for proband lymphoblast ADA activity and CRM are both significantly higher than those determined in four unrelated lymphoblastoid cell lines derived from patients with severe ADA deficiency and SCID (0.02-0.16%, see Table I ). However, these values for proband ADA are substantially lower than those previously reported for two lymphoblastoid cell lines derived from ADA-deficient healthy subjects (18 to 57% of normal) (16, 33) .
ADA was also analyzed from a fibroblast cell line derived from the proband. Fibroblasts were cultured in medium containing ADA-deficient fetal calf serum to prevent possible uptake of exogeneous ADA into the cultured cells and were harvested in late log-phase growth. Enzyme and CRM analyses showed that the level of ADA in the cultured fibroblasts was 14% of normal. Previous is a single polypeptide exhibiting electrophoretic forms determined by two autosomal allelic genes ADA' and ADA2 (16, 29, 31, 32) . The large form of the enzyme (Mr = 298,000) is composed of two molecules of small form ADA and one molecule of an ADA-binding protein (M, = 200,000-213,000) (36) . The large form of the enzyme can exist as tissue-specific electrophoretic variants generated by charge heterogeneity of the ADA-binding protein associated with the enzyme (37, 38) . In our studies, cultured B lymphocytes were chosen as a source for the further biochemical characterization of normal and proband ADA because the enzyme is present as the small form and the properties of the ADA polypeptide can be determined in the absence of the ADA-binding protein (18 In contrast to other ADA-deficient healthy subjects who show an increased heat lability of ADA (five times greater than normal) in their cultured lymphoblasts (16) , the proband lymphoblast ADA has normal heat stability. In addition, whereas the two other ADA-deficient healthy subjects exhibit a normal ADA (1-1) phenotype (16) , lymphoblast ADA from the proband clearly migrates faster than either a 1-2 or 1-1 normal phenotype. This finding suggested that there was either a size change (smaller) and/or a charge change (more negative) in the proband ADA molecule. Further investigations of the structural properties of lymphoblast ADA were facilitated by the use of an immunoprotein blot analysis. Using this technique, we were able to study the isoelectric properties and the subunit molecular weight of normal and proband ADA from either partially purified or crude lymphoblast cell lysates. The immunochemical detection of ADA was found to be specific and sensitive enough to allow the detection of 2 ng of ADA CRM. In this immunoblot assay for ADA, the proband ADA protein has a normal apparent subunit molecular weight (M, = 40,000) by SDS-gel electrophoresis and appears as an acidic variant by denaturing isoelectric focusing gel electrophoresis. We conclude from these studies that the proband has a structural mutation in the ADA molecule resulting in a more acidic but heat-stabile enzyme with normal molecular weight and kinetic properties.
The ADA substrates, adenosine and deoxyadenosine, were detected at low concentrations in spot urine samples and deoxy ATP levels were slightly elevated in erythrocytes and lymphocytes from this subject. However, these values are 10% or less of those reported for other ADA-deficient SCID patients (5). The low concentrations of adenosine, deoxyadenosine, and deoxy ATP in proband samples in conjunction with his normal immunologic status suggest either that residual ADA activity in other body tissues is metabolizing the potentially lymphocytotoxic ADA substrates or that there are concomitant abnormalities of other lymphocyte enzymes concerned with deoxyadenosine phosphorylation or deoxynucleotide metabolism. The latter hypothesis appears less likely, since the B lymphoblastoid cell line from the proband (GM 4396) is as sensitive to the toxicity of deoxyadenosine and accumulates deoxy ATP at a similar rate to those of normal B lymphoblastoid lines in which ADA is inhibited by 2'-deoxycoformycin. These results do not support a defect in deoxyadenosine phosphorylation or deoxynucleotide degradation in this subject's cells, at least at the higher deoxyadenosine concentrations required by the relative insensitivity of B cells to purine deoxyribonucleosides (26) . On the other hand, the relatively high ADA activity in the proband's cultured fibroblasts provides some evidence for the presence of higher ADA activity in nonhematopoietic tissues in vivo. Such activity could explain the relatively low levels of adenosine, 2'-deoxyadenosine, and deoxy ATP in this individual, and hence the preservation of normal immune function. It remains possible that immunodeficiency may develop at a later date because of fluctuations in the levels of the ADA substrates, although these have remained relatively constant over a long period, or to prolonged exposure of lymphocytes to very low 2'-deoxyadenosine concentrations. At the present time, however, this individual represents a unique form of ADA deficiency in a healthy subject and represents another example of genetic heterogeneity in partial ADA deficiency.
